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Effect of calcitonin on calcium transport by the luminal and basolateral
membranes of the rabbit nephron. In the rabbit, calcitonin has been
shown to enhance calcium (Ca2) reabsorption in the the early distal
tubule. The aim of the present study was to investigate the mechanism of
this action, using isolated luminal and basolateral membranes of distal
tubules. The tubule suspensions were preincubated in the presence or
absence of 10- M calcitonin. The luminal or basolateral membranes were
subsequently purified and 45Ca transport through the vesicles was mea-
sured using the rapid filtration technique. Results were compared with
those obtained from proximal tubule membranes. In the proximal tubules,
calcitonin had no effect on Ca2 uptake by luminal membranes. In the
distal tubules, the presence of Na in the incubation medium strongly
decreased the uptake of Ca2 by luminal membranes. Preincubation of
distal tubules with calcitonin partially restored this uptake. We previously
reported a dual kinetics of Ca2' uptake by the distal luminal membranes.
Calcitonin enhanced Ca2 transport by the low affinity component,
increasing the and leaving the Km unchanged. Renal calcitonin
receptors usually couple to both adenylate cyclase and phospholipase C.
'ro determine through which messenger(s) calcitonin enhances Ca2
transport by the distal tubules, we first confirmed that the hormone
stimulates cAMP and 1P7 release. Incubation of the distal tubules with
10-v M calcitonin significantly increased both messengers. In contrast,
calcitonin did not influence the 1P3 nor the cAMP content of proximal
tubules. Therefore, we studied the actions of cAMP and phorbol 12-
myristate 13 acetate (PMA) on Ca2 transport by the distal luminal
membranes. Incubation of distal tubule suspensions with dibutyryl cAMP
significantly increased Ca2 uptake by the luminal membranes. However,
incubation of these tubules with various concentrations of PMA (10 nsa,
100 n and I /su) had no effect on this uptake. Calcitonin also influenced
Ca2 transport by the distal basolateral membrane. Incubation of distal
tubule suspensions with i0 M calcitonin activated the Na /Ca2 ex-
changer activity, almost doubling the Na dependent Ca2 uptake. Here
again this action was mimicked by cAMP. We conclude that calcitonin
increases Ca2 transport by the distal tubule through two mechanisms: the
opening of low affinity Ca2 channels in the luminal membrane and the
stimulation of the Na /Ca2 ' exchanger in the basolateral membrane, both
actions depending on the activation of adenylate cyclase.
Acute administration of calcitonin has been reported to either
increase or decrease urinary calcium (Ca2') excretion. These
discrepancies seem to be due, at least partially, to species differ-
ences. In the rat and the rabbit, calcitonin induces a fall in plasma
Ca2 and in calciuria [1—6], whereas in humans, an increase in
calciuria was observed [7—lfl. In the dog, either a decrease [121 or
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an increase [13—151 in calciuria were reported following the
hormone administration. Aside from the species differences, other
factors such as the dose of calcitonin, the sodium load adminis-
tered and the degree of decrease in serum Ca2 concentration
probably modulate the response of calciuria.
The sites of the calcitonin action along the nephron has been
clearly established in the rat and the rabbit. In vivo and in vitro
microperfusion experiments showed that calcitonin increases
Ca2' reabsorption in the early segment of the distal tubule [16,
17] and in the medullary thick ascending limb of the loop of Henle
[3, 18, 191. However, the mechanisms involved in this action of
calcitonin has not been elucidated. In the normal rat, Quamme
showed in in vivo microperfusion experiments, that the effect of
calcitonin on Ca24 reabsorption by the loop of Henle disappears
when a normal calcemia is maintained, suggesting an indirect
action of the hormone through hypocalcemia [3]. The mecanism
of the hormone action in the distal tubule seems different. Indeed,
Gesek and Friedman [20] clearly showed in cultured mouse distal
convoluted tubule cells that calcitonin or parathyroid hormone
increase Ca2 influx into these cells, opening some unidentified
Ca2 channels.
The purpose of the present experiments was to determine the
effects of calcitonin on each of the two polar membranes of distal
tubules in the rabbit nephron. Results indicate that the hormone
acts at the two sites by opening a Ca2' channel in the luminal
membranes and by activating the Na7Ca2 exchanger in the
basolateral membranes.
Methods
Tubule suspension
The rabbit proximal and distal cortical tubule suspensions were
prepared according to the techniques of Vinay, Gougoux and
Lemieux [21] and Lajeunesse et al [22]. Following the digestion of
the minced superficial cortex with 1 mg/mI collagenase in a cell
culture medium (Dulbecco's modified Eagle's medium and Ham's
nutrient mix F-12) for 25 minutes at 37°C, the suspension was
filtered and the filtrate was centrifuged in a clinical centrifuge.
The sediment was washed and suspended in 40% Percoll in
Krebs-Henseleit buffer (KH) bubbled with 95% 02-5% CO2.
Following centrifugation for 30 minutes at 28,000 g, the proximal
tubule enriched band was collected and washed three times in KH
solution. The distal tubule enriched band was also collected and
washed twice. This first distal tubule enriched preparation was
named "total distal" and was used only to study the effect of
parathyroid hormone on 1P3 and cAMP release. All of the
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transport experiments were performed with membranes from
tubules further purified with an additional centrifugation in a
discontinuous Ficoll gradient (25%, 15%, 10%) in KH solution, at
850 g for 20 minutes. The band at the 15% and 25% Ficoll
interface, which consists of distal tubules with a low contamina-
tion by connecting tubules, was collected, washed three times and
suspended in KH. These tubules, named "B2" as in their original
description, were shown to be sensitive to calcitonin [221. The
nature and quality of the tubule suspensions in each of these steps
were verified by microscopic examination. The composition of KH
was 138 mrvi NaC1, 3.8 mrvt KC1, 1.4 mi KH2PO4, 1.4 mvi MgSO4,
1.17 m'vi CaCI2, 24.8 mivi NaHCO3 and 58 mM mannitol.
Incubation of the tubules with calcitonin, (Bu)2 cAMP, phorbol /2
myristate 13 acetate (PMA) or parathyroid hormone (PTH)
Following their preparation, the tubules were incubated for 10
minutes at 37°C in cell culture medium containing 0.5 m'vi MIX,
2% fetal bovine serum, and 0.1 mivi PMSF, in the presence or the
absence of human calcitonin at the indicated concentration. In
other experiments, the tubules were incubated either with (Bu),
cAMP (20 mm at 37°C) or PMA (10 mm at 37°C), or PTH (10 mm
at 25°C) instead of calcitonin. The incubation was stopped by
centrifugation and suspension of the tubules in cold 10 mtvi
mannitol and 2 m'vi Tris-Hepes pH 7.4. These suspensions were
kept frozen at —80°C.
Luminal membrane purification
The day of the experiment, the frozen tubule suspensions were
thawed and homogenized with 10 strokes of a Potter homoge-
nizer. The luminal membranes from proximal and distal tubules
were prepared using the MgCI2 precipitation technique. Follow-
ing addition of 12 mxi MgC12 (final concentration), the suspension
was stirred on ice for 20 minutes or 10 minutes for proximal and
distal tubule preparations, respectively, and centrifuged at
3,000 x g for 20 minutes at 4°C. The supernatant was collected
and centrifuged at 28,000 x g for 30 minutes at 4°C. The
sedimented membranes were washed twice in 280 mrvi mannitol,
20 mi Tris-Hepes pH 7.4, and allowed to vesiculate at 4°C for one
hour.
Basolateral membrane purification
The homogenate of distal tubules was suspended in a sucrose
buffer containing 20% Percoll. After centrifugation at 36,500 X g
for 30 minutes, two bands were detected. The top band was
enriched in basolateral membranes [231. This band was collected,
washed twice in 150 m'vi KCI or NaCl, 20 ms Tris-Hepes pH 7.5
and stored for one hour on ice to allow vesiculization.
Ca2 uptake by the luminal membrane vesicles
45Ca2 uptake was measured by the rapid Millipore filtration
technique. Transport through the luminal membranes was initi-
ated by adding 25 1d of incubation medium at 35°C to 5 jtl of
membrane suspension (approximately 20 eg protein). At the
indicated time, transport was stopped by addition of 1 ml of
ice-cold stop-solution. The suspension was filtered through Milli-
pore filters (HAWP 0.45 M pore size). The filters were rinsed
with 5 additional ml of stop-solution, and the trapped radioactivity
was counted. The incubation medium contained either 120 mM
NaCI with 20 m choline chloride or 140 m choline chloride, 20
mM Tris-Hepes pH 7.4 and, unless otherwise mentioned, 0.5 mM
45CaCl2. Stop-solution contained 150 mM KC1, 20 m'vi Tris-Hepes
pH 7.4, and 2 m EGTA. When high concentrations of Ca2 in
the incubation medium were used, EGTA was increased accord-
ingly. In the few experiments where 22Na uptake was measured,
the incubation medium contained 35 mvi 22NaCI, 210 mM manni-
to!, 20 mvt Tris-Hepes pH 7.4.
Ca2 transport by the basolateral membrane vesicles
In the Na7Ca2 exchange experiments, Ca2 uptake was
performed with vesicles suspended in either NaCI or KCI contain-
ing media. The uptake was initiated by adding 8 jLl of membrane
suspension (30 to 40 g protein) to 92 1d of incubation medium
containing 150 mM KCI, 20 mvt Tris-Hepes pH 7.5, 0.1 mM EGTA,
1 tOM MgCl2 and 95 LM 45CaC12 (free Ca2 = 2 ILM). At the time
indicated, 80 jil of suspension were filtered and washed with 2 ml
of stop solution. The Na dependent Ca2 influx was the calcu-
lated difference between influx by those vesicles loaded with KCI
and by those loaded with NaCl.
In the ATP-dependent Ca2 uptake experiments, the vesicles
were loaded with 150 mrvi KC1, and 20 mivi Tris-Hepes pH 7.5. The
incubation medium contained 150 mvi KCI, 20 mi Tris-Hepes, 0.1
mM EGTA, I m or 2.8 mrvi MgCl,, (in the absence or the
presence of ATP), 0 or 2 mivt ATP and 45CaC12. The total CaCI2
necessary to provide 2 1ILM free Ca2 was calculated using the
association constants of EGTA and ATP with Ca2 and H as
reported by Ghijsen, Gmaj and Murer [24].
Measurement of cAMP
Tubules were exposed to i0 M calcitonin or 10 M PTH or
the vehicle for 10 minutes at 37°C. Then 3% perchloric acid (final
concentration) was added to the suspension of tubules which were
subsequently stored at —80°C until cAMP measurement. Cyclic
AMP was determined in the supernatant fluid after centrifugation
of the thawed suspension, using a radioimmunoassay kit from
Diagnostic Products Corporation, whereas the pellet was kept for
protein measurement.
Measurement of inositol triphosphate (1P7)
Following incubation of tubules with i0 M calcitonin, or 10
M PTH or the vehicle for 15 seconds at 37°C, 100% trichioroacetic
acid was rapidly added to obtain a final concentration of 16%. The
suspension was centrifuged at 1000 Xg for 10 minutes at 4°C. The
released 1P3 was immediately measured in the supernatant, using
the radioimmunoassay kit from NEN Research Product, whereas
proteins were measured in the pellet.
Enzyme marker measurements
The purity of the tubule suspensions and membranes was
monitored by measurement of the activities of specific enzyme
markers (Table 1). Alkaline phosphatase activity was determined
according to the technique of Kelly and Hamilton [25], and
Na/K-ATPase by the technique of Post and Sen [26]. Previous
experiments performed with membranes prepared in same man-
ner showed very low activities of succinate-dehydrogenase and
glucose-6-phosphatase, indicating negligible contamination with
mitochondrial or endoplasmic reticulum membranes [27]. En-
zyme enrichments in basolateral membranes were as described
previously [23].
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Table 1. Enzyme marker activities in luminal membranes
Preparations
Alk. phosphatase
nmol/p.g115 miii
Na/K-ATPase
nmol/p.g/30 mm
Cortex
PT homogenates
Luminal membranes
3.34 0.21
3.71 0.19
16.03 1.13
1.48 0.28
2.12 0.71
1.25 0.51
DT Homogenates
Luminal membranes
1.32 0.27
4.31 0.67
2.06 0.41
1.25 0.33
Statistics and calculations
The experiments were carried out in duplicate. The results were
analyzed by Student's two-tailed unpaired t-test. The kinetic
parameters of the two components of Ca2° transport by the distal
luminal membranes, as presented in the Eadie-Hofstee plots,
were calculated using the equations described by Huntson [28]. In
these calculations, the regression lines of the very low (0.025, 0.05,
0.07 mM) and very high (1, 2.5 and 4 mM) concentrations were
established mathematically. Passive diffusion was evaluated by the
slope of Ca2 transport at saturating concentrations.
Materials
Human calcitonin and human PTH were purchased from Sigma
Chemical Co. (St. Louis, MO, USA) and Peninsula Co., respec-
tively. Chemicals were purchased from Sigma Chemical Co.
45CaC12 (carrier free) and 22NaCI were obtained from Dupont
New England Nuclear (Boston, MA, USA).
Results
Effect of calcitonin on Ca2 uptake by proximal and distal
luminal membranes
The day of experiments, the frozen suspensions of tubules
previously treated with iO— M calcitonin or the vehicle were
thawed, luminal membranes were prepared, and the uptake of 0.5
mM Ca2 by the various groups of vesicles was measured.
Calcitonin had no effect on Ca2 uptake by the brush border
membranes from proximal tubules (Fig. 1). In contrast, the
hormone increased this uptake by the luminal membranes of
distal tubules, but only in the presence of Nat We previously
reported that the presence of Na in the incubation medium
strongly interferes with Ca2 uptake by these membranes [27].
Therefore, Ca2 uptake was measured in a medium containing
either 140 m choline chloride (Na = 0) or 120 mrvt NaCI and 20
m choline chloride. As reproducibly observed, the presence of
Na decreased Ca2 uptake at 10 seconds by approximately 50%.
Preincubation of the distal tubules with 10 M calcitonin partially
re-established this uptake; as shown in Figure 2, Ca2 uptake
increased from 0.79 0.04 to 1.19 0.15 pmol/j.tg!10 seconds
(P < 0.05, N = 6). After 10 minutes of incubation, Ca2 uptake
was identical in the two series of membranes: 3.14 0.19 and
3.29 0.23 pmol/tLg (not shown). In the absence of Na, the
hormone had no effect, and the Ca2 uptake was 2.22 0.18 and
2.39 0.27 pmol/igIlO seconds in membranes from control and
treated tubules.
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Dose-response curve of the effect of calcitonin on Ca2 + uptake by
the distal luminal membrane
In these experiments, distal tubule suspensions were incubated
with increasing concentrations of calcitonin for 10 minutes at
37°C. The luminal membranes from each suspension were puri-
fied, and the uptake of Ca2 was measured at 10 seconds in a
medium containing 120 mrvi NaCI, 20 mvt choline chloride, 20 mM
Tris-Hepes pH 7.4 and 0.5 mM 45CaC12. Incubation of the distal
tubules with calcitonin resulted in a significant increase of Ca2
uptake at concentrations of io M and above. However, at 106
M, a slight decrease in this uptake was observed, suggesting a
biphasic effect of the hormone (Fig. 3).
Effect of calcitonin on the kinetics of Ca2° uptake by the distal
luminal membranes
Ca2 transport by distal luminal membrane vesicles presents
dual kinetics [22]. To determine which component is targeted by
calcitonin, Ca2 uptake was measured in incubation media con-
taining from 75 sM to 4 mi Ca2t Figure 4 represents the
Eadie-Hofstee plot of the uptakes by membrane vesicles from
distal tubules incubated with i0— M calcitonin or the vehicle. The
plot again was curvilinear, showing two components. As presented
in Table 2, calcitonin increased the V,,,,, value of the low affinity
component from 1.37 0.17 to 1.95 0.15 mvt (P < 0.05, N = 5)
leaving the Km unchanged, and had no effect on the high affinity
component.
Effect of calcitonin on Na uptake by the distal luminal
membranes
Because of the interaction of Ca2 and Na1 in the distal
luminal membranes, we tested whether calcitonin influences Na
transport by these membranes. Indeed, the hormone which en-
hanced Ca2 transport as shown above, significantly decreased
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Fig. 1. Time-course of Ca2 uptake by brush border membrane vesicles
prepared from proximal tubules incubated for 10 minutes at 37°C with IO
M calcitonin (•) or the carrier (0). The incubation medium contained 20
mM Tris-Hepes pH 7.4, 0.5 mat CaCl2 and 120 mat NaC1.
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Fig. 3. Dose-response curve of the effect of calcitonin on 10 second 0.5 mM
Ca2 uptake by distal luminal membrane vesicies in the presence of 120 mM
NaC1. Data are mean values SCM (N = 3). p < 0.05, °°P < 0.005,
< 0.0005 compared with uptakes by vesicles from untreated tubules.
Ca2 uptake at 1O M was also significantly lower than the corresponding
value at i0 M (P < 0.05).
Fig. 2. Time-course of Ca24 uptake by luminal
membrane vesicles prepared from distal tubules
incubated for 10 minutes at 37°C with 107M
calcitonin (•) or the carder (0). The incubation
medium contained 20 mtat Tris-Hepes pH 7.4,
0.5 mtvt CaCI2 and either 140 m choline
chloride (left) or 20 m choline chloride and
120 m'vi NaC1 (right). The vesicles were loaded
with 280 mrvi mannitol, 20 mtvi Tris-Hepes pH
7.4. Data are mean values SCM (N = 6).
*p < 0.05, < 0.025 between the values
1 20 1 80 obtained in the control and experimental
conditions. At 10 minutes, Ca2 uptakes by the
experimental and control membranes were
3.14 0.19 and 3.29 0.23 pmol/g,
respectively.
VIS, mM Ca2
Fig. 4. Eadie-Hofstee plot of Ca2 uptake by the luminal membrane vesicles
from distal tubules incubated with i0 M calcitonin (•) or the earner (0).
Data are mean values SEM (N = 5).
Table 2. Effect of DT incubation with 100 nM calcitonin on the kinetic
parameters of Ca2 uptake by the luminal membranes
Component Affinity Control Calcitonin
Km mM Ca2 low
high
1.06 0.27
0.078 0.007
1.45 0.36
0.060 0.013
Vmaxpmoll;ig/13 seconds low
high
1.37 0.17
0.34 0.039
1.95 0.15°
0.34 0.04
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the 35 mt 22Na uptake from 15.06 1.33 to 11.44 0.33
pmol/j.Lg/15 seconds (P < 0.05).
Effect of calcitonin on Ca2 transport by the basolateral
membrane of distal tubules
Whereas in the proximal tubule, the ATP-dependent Ca2
transport constitutes the unique mechanism of Ca2 efflux, the
distal basolateral membrane is the site of both an ATP-dependent
uptake and a Na/Ca2' exchanger, as demonstrated by Ca2
uptake experiments [29], polymerase chain reaction [301 and
immunohistology [31]. We examined the effect of calcitonin on
the two transport systems. As shown in Figure 5, exposure of distal
tubules to i0 M calcitonin strongly stimulated the Na/Ca2
exchanger activity. In contrast, the hormone did not influence the
ATP-dependent transport (0.30 0.04 vs. 0.38 0.03 nmol/jsg/30
seconds in vesicles from control and treated tubules, respectively,
NS).
N = 5 a P < 0.05 compared to the control values
Effect of calcitonin on the intracellular messengers in the distal
nephron
A number of studies have shown that calcitonin stimulates
adenylate cyclase activity in the kidney [32—35]. Using microdis-
sected rabbit nephron segments, Chabardès et a! [36] precisely
localized this effect in the medullary ascending limb of the ioop of
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Proximal tubules
Distal tubules
Total distal Band B2
Control
PTH
3.03 0.74 (3)
28.50 1.1 (3)5
13.74 1.80 (3)
317.0 27.0 (3)5
10.84 1.28 (7)
Calcitonin 4.32 0.16 (3) 22.4 2.9 (7y
Henle and the distal convoluted tubule. To confirm that our distal
tubule (band B2) preparations include the latter segment, adenyl-
ate cyclase activity was measured in the tubule suspensions
incubated for 10 minutes at 37°C, in the presence and absence of
i0 st calcitonin. The hormone increased the cAMP content
from 10.84 1.28 to 22.4 2.9 pmol/mg (P < 0.02, N = 7). In
contrast, similar incubation of proximal tubule suspensions with
iO M calcitonin failed to significantly stimulate cAMP release
(3.03 0.74 and 4.32 0.16 pmol/mg in control and treated
tubules). For comparison, proximal and distal tubules suspensions
were also incubated with 10 M PTH for 10 minutes at 35°C.
PTH increased the cAMP content in both the proximal (from
3.03 0.74 to 28.5 1.1 pmol/mg, P < 0.001) and the distal
tubule (from 13.7 1.8 to 317 27 pmol/mg, P < 0.001)
preparations (Table 3),
Calcitonin has also been reported to activate phospholipase C
and secondarily, to release 1P3 in kidney cells. To determine
whether phospholipase C is also stimulated by the hormone in our
tubule preparations and eventually contributes to the effect of
calcitonin on Ca2 transport, we preincubated proximal and distal
tubule suspensions with 10 M calcitonin for 10 minutes at 37°C
and we subsequently measured the released IF3. Incubation of
distal tubules (band B2) with calcitonin increased 1P3 from
14.15 1.0 to 17.3 1.4 pmol/mg (P < 0.05). However, the
hormone had no effect on the IF3 release by the proximal tubule
suspensions (10.18 2.5 and 10.8 3.0 pmol/mg 1P3 release by
control and treated tubules). Similar treatment with lO M PTH
Table 4. Effect of iO M PTH and i0 M calcitonin on 1P3 release by
proximal and distal tubule suspensions pmol/mg
.Proximal
tubules
Distal tubules
Total distal Band B2
Control 10.18 2.5 (4) 9.8 0.42 (3) 14.15 1.0 (3)
PTH 13.13 32h (4) 14.0 095k (3)
Calcitonin 10.7 3.0 (4) 17.3 1.4° (3)
° P < 0.05, 5P < 0.02 compared to the control values
Number of experiments are within parentheses.
Time, seconds
Fig. 6. Time-course of 0.5 mst Ca2 uptake by luminal membrane vesicles
from distal tubules incubated with 1 mM dibutyiyl cAMP (S) or the carrier
(0). Ca2 uptake was measured in a medium containing 20 mM choline
chloride, 120 ms NaCI and 20 mrvi Tris-Hepes pH 7.4. Data are mean
SCM (N = 3). °P < 0.05, < 0.025 between the values obtained with
vesicles from tubules treated or not treated with cAMP.
increased 1P3 release in proximal tubules from 10.18 2.5 to
13.13 3.2 pmol/mg (P < 0.02) and in distal tubules from 9.8
0.42 to 14.0 0.95 pmol/mg (P < 0.02; Table 4).
Effect of cAMP and PMA on Ca2 transport by the distal luminal
membranes
The time-course of 0.5 m'vi 45Ca uptake by luminal membranes
prepared from distal tubules incubated for 20 minutes at 37°C
with or without 1 mist db cAMP is presented in Figure 6. The
concentration of db cAMP (1 mM) was chosen according to a
preliminary dose-response curve (not shown). cAMP significantly
increased Ca2 uptake up to 120 seconds. The steady state of the
uptake at 10 minutes was not different in the two series of
experiments (3.14 0.19 and 3.20 0.23 pmol/.tg, respectively).
In contrast, preincubation of the distal tubules with 1 /.LM PMA
did not significantly influence the Ca2 uptake by the luminal
membranes (0.36 0.04 and 0.48 0.06 pmol/rg!10 seconds in
vesicles from control and treated tubules, respectively, N = 11,
NS). The dose of 1 j.LM PMA was used according to the dose-
response curve of TPA on Ca2 transport by distal nephron cell
cultures as reported by Bindel et al [42]. We also incubated
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Fig. 5. Time-course of the Na dependent 2 M Ca2 transport by basolat-
eral membrane vesicles from distal tubules preincubated with lO' M
calcitonin (•) or the carrier (0); *J < 0.05; ** < 0.025; N = 5.
Table 3. Effect of 10 M PTH and io M calcitonin on cAMP release
by PT and DT suspensions pmol/mg
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tubules with 10 and 100 flM PMA. None of these concentrations
influenced the Ca24 uptake by the distal luminal membranes
(data not shown).
Effect of cAMP and PMA on the Na /Ca2 exchanger in the
distal basolateral membranes
Several years ago, we reported that incubation of distal tubule
suspensions with db cAMP enhances the Na/Ca2 exchanger
activity in the basolateral membrane of the distal tubule, but does
not influence the ATP-dependent transport [23]. In a recent
experiment, we confirmed these data: incubation of the tubules
with 1.0 mrvt db cAMP for 20 minutes at room temperature
increased the Na dependent Ca2 uptake from 0.30 to 0.62
pmol!j.tgI5 seconds. In contrast, incubation of distal tubule sus-
pensions with 100 flM PMA had no influence on the NaICa2
exchanger. The Na dependent Ca2 uptake was 1.03 0.16 and
1.19 0.25 pmol/JLg/30 seconds in control and experimental
conditions, respectively (N = 3, NS).
Additivity of PTH and calcitonin effects on transport by the distal
luminal membranes
Micropuncture and microdissection studies have shown that
calcitonin and PTH stimulate Ca24 reabsorption [17] and adenyl-
ate cyclase activity [36, 37] in different segments of the rabbit
distal nephron. Since our preparations contain all of the distal
nephron segments, we hypothesized that if the two hormone
actions occur at different sites and possibly through different types
of channels, their effects on Ca24 transport should be additive.
The distal tubule (B2) preparations were separated into four
groups, and were incubated without hormone, with 10 M
calcitonin, with iU M PTH or with i0— M calcitonin plus 108
M PTH, respectively. Then the 0.5 mM Ca2 uptake by the luminal
membranes from the four tubule preparations was compared. As
shown in Figure 7, the increase in Ca2 uptake by the vesicles
from tubules treated with both PTH and calcitonin (0.92 pmol!
j.tg/10 seconds) corresponded approximately to the sum of the
increases in the uptakes observed in membranes from tubules
treated with a single hormone (0.52 and 0.57 pmol/gI10 seconds in
membranes from calcitonin and PTH treated tubules, respectively).
Discussion
Calcitonin opens calcium channels in the distal luminal
membrane
Micropuncture and microperfusion studies showed that in the
rat and the rabbit, calcitonin stimulates Ca24 reabsorption in the
ascending limb of the loop of Henle and the distal tubule [3,
16—19]. Consistent with these findings, calcitonin increases the
adenylate cyclase activity in the same segments [36]. Our experi-
ments were performed with the very superficial kidney cortex,
thus containing only proximal and distal tubules with no segment
of the loop of Henle. The distal tubule is a tight epithelium, able
to establish high gradients of electrolytes. Therefore hormonal
regulation involves the two polar membranes. Until now, all
studies concerning this hormonal regulation were performed with
intact cell preparations. Our technique of luminal and basolateral
membrane separation allowed us to better understand the contri-
bution of each of these membranes to the regulation on Ca2
reabsorption by calcitonin. Furthermore, since the distal luminal
membrane is the site of two types of Ca2 channels [27], we were
Fig. 7. Separate and combined effects of io- M calcitonin (CT) and 108
M human parathyroid hormone (PTH) on 0.5 mt Ca2 uptake by distal
luminal membranes. The tubules were incubated for 10 minutes at 37°C
with either each hormone, or both, or the carrier. Ca2 uptake was
measured in a medium containing 20 m choline chloride, 120 mM NaC1
and 20 mat Tris-Hepes pH 7.4. Data are mean SEM (N = 3). *p < 0.005,
* < 0.002 compared to controls. CT + PTH data were also significantly
above CT values alone (P < 0.025) and PTH values alone (P < 0.05).
Increases in Ca2 uptake by the three experimental groups were 0.52, 0.57
and 0.92 pmol/j.g/10 seconds, respectively, compared to the control values.
interested in detecting which of these channels was targeted by the
hormone.
Calcitonin increased Ca2 transport by the luminal membranes
according to a dose-response curve. The half maximal stimulation
was observed at 5 X iO M calcitonin, a concentration which is
above the physiological range, but which exactly corresponds to
those reported for in vitro stimulation of cAMP production by
microdissected tubules [36].
The messengers of calcitonin action upon Ca2 reabsoiption
It is generally accepted that the action of calcitonin on Ca2
reabsorption by the nephron depends on the activation of adenyl-
ate cyclase. Several observations support this hypothesis: (1)
transfected calcitonin receptor always couples to adenylate cyclase
(and phospholipase C) [38—40]; (2) there is a precise topograph-
ical correlation between the calcitonin-dependent adenylate cy-
clase activity and the effect of the hormone on Ca2 transport
[36]; (3) cAMP per se stimulates Ca2 reabsorption by the distal
segments [17, 18, 41]. Using luminal and basolateral membrane
preparations, our results confirm that the actions of calcitonin are
mimicked by cAMP since both the hormone and its messenger
enhanced Ca2 transport at the two poles of the distal tubule
cells.
Calcitonin also stimulated the phospholipase C activity in our
rabbit distal tubules, resulting in an increase in the 1P3 content.
However, the exact role of protein kinase C on Ca2 transport has
not been clarified. Bindel et a! [42] reported an inhibitory action
of protein kinase C on Ca2 transport in primary cultures of
rabbit collecting duct. In contrast, Friedman et al [43, 44] ob-
served in mice distal tubule cells that, whereas low concentrations
of forskolin or phorbol I 2-myristate 13-acetate alone had no effect
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on Ca24 uptake, combination of the two messenger routes
strongly stimulates this uptake, at levels comparable to those
obtained with high concentrations of PTH.
In the present experiments, proteinkinase C stimulation per se
had no effect on Ca2 transport by the distal luminal membranes.
Only high, nonphysiological concentrations of cAMP increased
this transport. Therefore, it is possible that, as stated by the group
of Friedman, the combination of physiological concentrations of
cAMP with PKC stimulation would successfully increase Ca2
transport. Further experiments are necessary to better understand
the interrelationship between the two messengers.
Do calcitonin and PTH act on different Ca2 channels?
The actions of calcitonin and PTH at saturating concentrations
are additive. Since in the rabbit, the two hormones bind and
stimulate adenylate cyclase at different sites, this additive effect
might be due to a simple topographical repartition. However, as
we have previously reported, Ca2 uptake by the distal luminal
membrane presents dual kinetics, suggesting the presence of two
types of channels [27, 45]. This hypothesis has been supported by
patch-clamp experiments [46]. PTH and the vitamin D dependent
calbindin 28K stimulate the high affinity component by increasing
its Vmax [45, 71. The present data indicate that calcitonin rather
targets the low affinity component by also increasing the
These results suggest that in the rabbit, not only these hormones
act at different sites, but they target different types of channels.
The lack of action of calcitonin in the proximal tubule
In the rat kidney, in vivo studies have shown that calcitonin has
multiple actions and some of these have been attributed to the
proximal tubule. The hormone has been reported to decrease
phosphate reabsorption [48—50] and to influence the metabolism
of vitamin D by stimulating 25 OH vitamin D3 a hydroxylase
[51—53]. In in vitro studies, however, calcitonin is unable to
stimulate adenylate cyclase either in rabbit dissected proximal
tubules [36, 54], or in primary kidney proximal tubule cell cultures
[55]. We also observed no stimulation of adenylate cyclase or
phospholipase C by calcitonin in proximal tubule suspensions: the
hormone did not enhance cAMP nor 1P3 release, while the same
treatment by PTH significantly increased the two messenger
systems. The lack of effect of calcitonin on adenylate cyclase
stimulation, IF3 formation and Ca24 transport in the proximal
tubule in vitro suggests that the in vivo proximal actions usually
attributed to the hormone occur either via indirect mechanisms
such as hypocalcemia and stimulation of parathyroid hormone
secretion, or less probably, through activation of a yet unidentified
mechanism.
Several studies have characterized calcitonin receptors using
either pig kidney cell lines directly (LLC-PK1) [56] or calcitonin
receptor eDNA cloned from these cells and expressed into COS
cells [40], MC-3T3 cell [39], OK cells [57] or HEK-293 cells [581.
The calcitonin receptor increased both cAMP and 1P3 release. In
these experiments, the transfected eDNA could have originated
from either proximal or distal tubule cells since the LLC-PK1 cell
line was initially obtained from minced total pig kidney cortex,
containing both proximal and distal tubule cells [591. It is also
possible that in pig, contrary to rabbit and rat, proximal tubules
cells have calcitonin receptors. Calcitonin receptors have also
been studied in rat kidney cells in primary culture. Here also, the
cells originated from total cortex containing both proximal and
distal tubule cells [60]. It is therefore possible that increased
production of both messengers by calcitonin in these experiments
reflect the contribution of the distal tubule cells exclusively.
Finally, another argument against any direct action of calcitonin
on the proximal tubule is the lack of expression of the receptors in
this segment, at least in the rat, as shown by in situ '251-salmon
calcitonin binding [61] and by quantitative RT-PCR of calcitonin
receptor mRNAs in microdissected tubules [621. Both studies
detected the presence of calcitonin receptors only in the ascend-
ing limb of the loop of Henle and the distal convoluted tubule [61]
or in the cortical collecting duct [62] but not in the proximal
tubule, a finding which corroborates perfectly the sites of action of
the hormone on the adenylate cyclase activity [361.
The action of calcitonin on the basolateral membrane
Calcitonin also stimulates Ca24 effiux from the tubular cell,
thus preventing directly an intracellular accumulation. The hor-
mone specifically enhanced the Na4/Ca24 exchanger activity and
had no effect on the ATP dependent transport. We previously
reported a similar action of PTH on the exchanger, and this effect
was mimicked by cAMP [231. In contrast, the vitamin D depen-
dent calbindin 9 kDa increases the ATP dependent Ca2 trans-
port [63]. Therefore, whereas PTH and calcitonin target different
Ca2 channels in the distal luminal membrane, they activate the
same transporter in the basolateral membrane, and while the
vitamin D dependent calbindins open the same channel as PTH in
the luminal membrane, they rather stimulate the Ca24 pump
instead of the exchanger in the hasolateral membrane.
The effect of calcitonin on Na transport
In human and dog, calcitonin has been attributed an initial and
transient effect on natriuresis [9, 64]. However, the complexity of
the effects in in vivo experiments (such as saline perfusion,
hypocalcemia, PTH secretion) precludes any conclusion concern-
ing the direct action of calcitonin on Na4 transport by the
nephron, and it is probable that part of the natriuresis observed is
due to an effect of a secondary PTH secretion on the proximal
tubule. In the hormone deprived mouse, calcitonin has been
shown to increase rather than decrease Na4 reabsorption by the
ascending limb of the ioop of Henle [16, 65, 661. However, in
microdissected rabbit early distal tubule, Merot et al [67] observed
a decrease in transepithelial voltage following perfusion of calci-
tonin. They concluded that calcitonin modulates Na channels in
this segments. Confirming this finding we observed that calcitonin
decreases Na uptake by distal luminal membranes. Therefore,
the variations in natriuresis observed among species following in
vivo calcitonin administration depend on both an indirect action
on the proximal tubule and direct hut opposite actions on Na4
transport in the ioop of Henle and the distal tubule.
In conclusion
Calcitonin increases Ca2 reabsorption by opening the low
affinity Ca2 channel of the distal lumirial membrane and stimu-
lating the Ca2 4/Na exchanger activity in the basolateral mem-
branes. These two effects are mimicked by cAMP. In contrast, the
hormone had no effect on Ca24 transport by the proximal tubule
luminal membrane, a finding which corroborates the lack of
adenylate cyclase stimulation by calcitonin and the lack of calci-
tonin receptors previously reported by other laboratories.
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